fter its discovery more than 30 years ago, surface-enhanced Raman spectroscopy (SERS) was expected to have major impact as a sensitive analytical technique and tool for fundamental studies of surface species. Unfortunately, the lack of reliable and reproducible fabrication methods limited its applicability. In recent years, SERS has enjoyed a renaissance, and there is renewed interest in both the fundamentals and applications of SERS. New techniques for nanofabrication, the design of substrates that maximize the electromagnetic enhancement, and the discovery of single-molecule SERS are driving the resurgence of this field.
I. Introduction
Recently there has been a renewed interest in SERS as exciting advances of the past 10-15 years have overcome many of the previous difficulties. We cite three main achievements as drivers of this current renaissance: (1) the application of nanofabrication techniques to reproducibly manufacture well-defined substrates with nanometer scale features, (2) the design of substrates that maximize the EM enhancement, and (3) the discovery of single-molecule SERS (SMSERS). 3, 4 Our current understanding of the SERS effect is due to a large number of researchers working over the last several decades; for example, see historical perspectives by Van Duyne 5 and Moskovits, 6 as well as review articles. [7] [8] [9] [10] In this Account, however, we focus on work from our laboratory, beginning with a discussion of substrates that provide large SERS enhancements as well as exhibiting reproducibility and stability. Then, we present experimental evidence for the postulated wavelength and distance dependence of the EM mechanism of SERS. Next, we offer a frequency domain proof of SMSERS behavior using isotopically labeled rhodamine 6G (R6G) and discuss enhancement factors in SMSERS. Last, we briefly explore the possible role of charge transfer in the R6G/silver system.
II. Fundamental Studies of the SERS Effect
A. Substrates Fabricated by Nanosphere Lithography (NSL). Nanosphere lithography (NSL), developed by Van Duyne and co-workers, 11, 12 provides a method to fabricate nanoparticle arrays with a tunable localized surface plasmon resonance (LSPR). In this technique, nanospheres are self-assembled into a monolayer or bilayer on the substrate. Metal is then deposited through the nanosphere mask, and after removal of the nanospheres, a periodic array of metal nanostructures remains on the substrate. Figure 1 shows the AFM image of the resulting nanoparticle array. The size and spacing of the nanostructures and consequently the position of the LSPR of NSL-fabricated nanostructures can be controlled by the nanosphere size and deposited metal thickness. It has been demonstrated both experimentally and theoretically that the sharp tips of the NSL nanotriangles give rise to EM enhancement factors as large as 10 8
. [13] [14] [15] The most typical nanostructures fabricated by NSL are triangular nanoparticle arrays; however, a wide range of other nanostructres can be fabricated.
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If the sphere mask is not removed after metal deposition, then the metal film-over-nanospheres (FON) substrate is obtained. Figure 1 shows the SEM image of the FON surface. FON substrates have broader LSPR resonances compared with NSL nanoprism arrays; however, they provide a large surface area available for binding and detection. 16 Functionalization of FON substrates is a crucial feature of sensing experiments and these modified surfaces have been used for in vitro [17] [18] [19] and in vivo 20 glucose sensing and anthrax biomarker detection. 21, 22 SERS activity is affected by the oxidation of the metal, the lack of stability of the nanostructures when exposed to buffer solutions, and annealing at high temperatures. There are several methods to mitigate these unwanted effects. For example, we have combined NSL and reactive ion etching techniques to fabricate Ag nanoparticle arrays embedded in glass, which exhibit improved stability against mechanical force and solution flow. 23 In addition, adding an alumina overlayer by atomic layer deposition (ALD) to NSL-fabricated particles dramatically increases their thermal stability, 24 thus enabling SERS to be extended to hightemperature studies such as those important in heterogeneous catalysis. It is also known that alumina-coated AgFON silver film over nanospheres surfaces maintain their SERS activity under ambient conditions and avoid oxidation. 22 These surfaces have demonstrated anthrax biomarker detection with 12-month temporal stability.
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B. Wavelength Dependence of Surface-Enhanced Raman Spectroscopy. The EM mechanism of SERS [26] [27] [28] [29] predicts that the EM enhancement factor E EM is given by
In this expression ω is the incident laser frequency, ω′ is the Stokes-shifted frequency of the Raman scattered photon, and g is the amount the local electric field at the molecule (E mol ) is enhanced relative to the far-field value of the electric field (E 0 ) and is given by E mol ) gE 0 . Note that g is frequency dependent and that this local electric field enhancment experienced by the molecule results from the excitation of the localized surface plasmon resonance in the metal nanoparticle. According to eq 1, the maximum enhancement of the normal Raman cross-section occurs when both the incident and Stokes scattered fields are equally enhanced. Therefore, one should take care to choose the proper laser excitation frequency such that this frequency and the Raman Stokes-shifted frequency straddle the maximum extinction of the LSPR. As such, the frequency of laser excitation should be one-half of the Raman shift higher in energy than the LSPR spectral maximum. A consequence of this is that not all vibrational modes are optimally excited in a given spectrum. Although experiments were proposed at the inception of SERS to measure this effect, studies performed were inconclusive due to limitations in instrumentation and poor definition of the SERS substrates. [30] [31] [32] The ideal experiment is to have a continu- 
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ously tunable excitation and detection scheme over the bandwidth of a well-defined LSPR. A systematic study of the optimum excitation wavelength as a function of the spectral position of the LSPR extinction was recently completed. 15 This was made possible by recent advances in nanofabrication allowing the production of substrates with well-defined and tunable LSPR resonances and better tunability in both the SERS excitation and detection. Figure 2 shows characteristic wavelength-scanned excitation profiles of three vibrational modes of benzenethiol: 1009, 1081, and 1575 cm -1 . The excitation profiles show that the highest SERS EF is observed when the excitation wavelength is higher in energy than the spectral maximum of the LSPR extinction spectrum. Gaussian fits were made to the profiles, and the distance in energy of the maximum of the excitation profile and the LSPR extinction spectrum is on the order of half of the vibrational energy and increasing with the magnitude of the Raman Stokes shift. The experiment was also performed on multiple silver nanoparticle sizes and shapes with extinction spectra at various locations in the visible region of the electromagnetic spectrum. In all cases, the magnitude of the energy separation between the excitation profile maximum and the LSPR extinction maximum is roughly half. An analogous experiment can also be performed by varying the spectral location of the LSPR relative to a fixed frequency laser, and similar results are observed. 13 Consequently, in order to achieve maximum EM enhancement, one should either prepare the sample such that the LSPR extinction is in the proper location for fixed laser frequency apparatus or set the wavelength to a higher frequency than the LSPR extinction in tunable systems. In the wavelength-scanned experiment, the relevant LSPR extinction spectrum is the one observed after adsorption of the analyte because the LSPR extinction spectrum is sensitive to the dielectric environment. These experiments illustrate the importance of optimizing the plasmon and excitation wavelengths to achieve maximum SERS EFs. We further conclude that both the incident and scattered photons in SERS are indeed enhanced. C. Distance Dependence of Surface-Enhanced Raman Spectroscopy. One important consequence of the EM mechanism of SERS is that the adsorbate is not required to be in direct contact with the surface. This results because the enhanced electric fields extend beyond the surface creating a sensing volume within a few nanometers of the surface. The ability to enhance Raman scattering from molecules not directly attached to the surface is of great importance for systems such as surface-immobilized biological molecules, 33 where direct contact between the adsorbate of interest and the surface is not possible because the surface is modified with a capture layer for specificity or biocompatibility.
It has been shown that the SERS intensity of a given Raman mode, I SERS , is a function of distance from the surface Controlled Plasmonic Nanostructures for SERS and Sensing Camden et al.
where a is the average size of the field-enhancing features on the surface. 34 This dependence on distance is a result of the r -3 decay of the field enhancement away from the surface, the 4th power dependence of I SERS on the field enhancement, and the increased surface area scaling with r 2 as one considers shells of molecules at an increased distance from the nanoparticle.
The ideal distance-dependence experiment is one in which the thickness of the spacer layer could be easily varied in thickness from a few angstroms to tens of nanometers. Furthermore, the spacers would be conformal to handle roughened and nanostructured surfaces, pinhole free, and chemically uniform. We have deposited Al 2 O 3 multilayers using ALD onto Ag film over nanosphere (AgFON) surfaces to probe the distance dependence of SERS.
35 Figure 3a shows the SER spectra for pyridine adsorbed on AgFON surfaces coated with four different thicknesses of ALD-deposited Al 2 O 3 . Figure 3b shows Kneipp et al. 4 Nie and Emory cited several features of their results that suggest single-molecule behavior: (1) Raman scattering is observed from single nanoparticles for analyte concentrations of less than 10 -10 M, where each particle is expected to contain mostly zero or one analyte molecule, (2) unlike bulk SERS spectra, the observed single-molecule spectra show sensitivity to polarization, and (3) the position and intensity of vibrational bands exhibit sudden changes as a function of time. Despite the controversy over the use of Poisson statistics, there is other evidence that suggests SMSERS was observed, including (1) changes in the spectrum of an immobilized, isolated nanoparticle or nanoaggregate, for example, blinking or spectral wandering, (2) dependence of an isolated system on excitation power and polarization, and (3) observation of com- 
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B. A Frequency Domain Existence Proof of SingleMolecule Surface-Enhanced Raman Spectroscopy.
The SER spectra from 50 individual nanoparticle aggregates were acquired, and only sites that were active were interrogated randomly. Figure 4a shows representative spectra from two of the spots measured, in which it is evident that there is only one isotopologue present in each probe volume. A histogram of occurrences of the three possible cases is given in Figure  4b . The observation that single isotopologue events dominate the sampling is strong evidence for SMSERS. Additionally, spectral wandering was observed in the 600 cm -1 range of the spectra. The degree of the spectral wandering observed is measured by a fit to the histograms of peak center frequency as seen in Figure 4c Figure 5a shows a waterfall plot of inelastic scattering as a function of time. At t ) 0 s, the spectrum appears to have only R6G-d 0 character, which is surprising considering the high dye concentration on the surface. The integrated intensity is on the same order of magnitude as the static, low-concentration experiment above, indicating that only a single molecule is scattering and not the 100 in the ensemble. Therefore, the EF in the hot spot must be at least 3-4 orders of magnitude greater than the average SERS EF of the nanoparticle, in agreement with previously published results. 3, 48 As time progresses, the spectrum changes completely from R6G-d 0 to R6G-d 4 and back to R6G-d 0 over the course of 1000 s as displayed in Figure 5b . There are two interpretations of the switching behavior considering that the SMSERS aggregates contain multiple potential hot spots: (1) two or more molecules are competing for the same hot spot on the nanoparticle surface, or (2) two or more molecules are acting independently at two different hot spots within the probe area. In an effort to distinguish which case is taking place, the data were analyzed with 2D cross correlation. 49 If there are independent hot spots in close proximity, then the time evolution of the two molecules should be noncorrelated ( ) 0), but if it is the same hot spot, the molecules should be anticorrelated ( ) -1). Figure 5c shows the 2D correlation in the region containing the characteristic 650 and 610 cm 
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) -0.3) from bands associated with the cross-peaks between R6G-d 0 and R6G-d 4 . In SERS, there is an intense, continuous background that covers the entire spectral region of interest, and Moore et al. 50 have shown that in this 2D cross-correlation analysis, there will be strong correlation of the Stokes bands to this continuum. Therefore, even in the absence of a peak, there will be some time-correlated background contribution, which will affect the peak-to-peak correlation. This is evident in the ( ) 0.2-0.4) correlation remaining between the background and the characteristic modes. This argues that the magnitude of the anticorrelation is larger, and therefore there is only one active hot spot in the probe volume, and molecules are moving in short-range proximity to it. . It is currently believed that a large part of this SMSERS enhancement can be attributed to the EM mechanism with the enhanced local fields at the junction of nanoparticle aggregates giving rise to EM enhancement factors of 10 10 -10 11 . 55 Therefore, the SMSERS phenemonon results from multiplication of the combination of surface plasmon excitation and resonance Raman enhancement. Another possible enhancement mechanism is a chemical or charge transfer (CT) mechanism that is caused by the changes in the electronic structure of molecules adsorbed on the metal surfaces. The role of metal to molecule charge transfer (CT) in SMSERS of R6G is not well understood. Since R6G SMSERS measurements were carried out on Ag nanoparticles, it is important to examine whether the absorption of R6G changes on a Ag surface. 56 Figure 6 shows the absorption spectrum of a submonolayer of R6G adsorbed on a Ag film. A major absorption band at 534 nm is observed in the spectrum. Compared with the R6G solution absorption, the major absorption band is red-shifted by only 2 nm and slightly broadened. These measurements show that R6G electronic transitions are, surprisingly, not significantly perturbed by the presence of the Ag surface. To examine whether new transitions from metal to molecule charge transfer arise when R6G adsorbs on a metallic surface from a theory perspective, we calculated the absorption spectrum of R6G interacting with a Ag 2 cluster with time-dependent density functional theory (TD-DFT). 56 The Ag 2 is used to represent R6G adsorption to Ag nanoparticles through one of its N atoms. 52, 53 The calculated structure and absorption spectrum are shown in Figure 7 . R6G with the Ag 2 cluster has a S 0 -S 1 transition at 544 nm corresponding to an excitation from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). Two CT transitions red of the main peak are found at 1010 and 617 nm, corresponding to transitions from the HOMO of Ag 2 to the LUMO and LUMO + 1 of R6G, respectively. Both transitions have small oscillator strength, especially the transition at 617 nm, which is not visible in Figure 7 due to the y axis scale. These very weak CT transitions near 1000 nm will only affect the Raman scattering intensity when performed at these wavelengths, such as in FT-Raman. Therefore, when SMSERS is per-formed at 532 nm, we conclude that the enhancement factor does not contain a contribution from CT.
IV. Concluding Remarks
The renewed interest in SERS has been driven by the ability to make reproducible and well-defined substrates with large electromagnetic enhancements and the discovery of singlemolecule SERS. The recent developments, of which we highlight a few from work in our group, make the application of SERS to a range of problems in chemical and biological sensing a real possibility. Due to these strides, we believe the future of SERS is indeed bright. 
